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EiIiiLIL&RY.

This report, which was prepared for the NationaI
is a study of propeller efficiency, based on the equation

A.d-i-isory Committee for Aeronautics,

where
T’= speed of advance.
.Y= revolutions per unit of time.
D = diameter of the hek described b~ the particukr

element under considerate ion.

and

It is show-n that this formula maybe wed to obtati a “general efficiency curve” in addition
to the well-known rmcximum efficiency cur-re. These two curves, -when modified somewhat
by experimental data, enable performance cakdations to be made without detailed knowledge

——

of the propelkr. The curves may also be used to estimate the impro~ement in ef&ciency due
to red;cti& gearing,

The eficiency of

vihere

or to judge ‘the performance of a new propell~r design.

LNTRODTJCTIOX.

an eIement of a propeLler blade is given by the -well-known formula*:

l“=speed of acl-rance.
.Y= revolutions per unit of time.
D = diameter of the helL~ clesmibed

eIement under com~ideration.
by the particular

‘r’p=tm-l (–- ).Kiw
and

An analysis of this formula shows that it not only may be used to predict the ma.xinmm

efficiency obtainable under a giren set. of conditions; that is, at a specified =&J but, that it ako

supplies a ‘‘ generid efficiency cume,~’ applying to all propellers. The cu.mes thus obtained,

1~~~B. .4.c. .$.;R. & M. >:0.193, %9, znd 32.S,m- ay bcxk on propelkr design.
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when modified somewhat by experimental data, determine the efficiency curve for the bes~

()
propeller of the, series which has maximum efficiency at any desired value of & . Ob-

viously these curves enable one to calculate performance of aircraft without further investiga-

tion in~o the properties of the propeller which is to be used, than to determine the
y

()>“~~- a~,.
which it is desired fihat the efficiency T have Its maximum value.

In order to simplify the arithmetical work involved in the derivation of the general efficiency
curves, the theoretical efficiency for the tip section, as given by (1) ~will be used for the theo-
retical average efficiency. The error involved in this substitution is usually of the order of I
per cent, as shown by the comparative figures of Table 1, which ie compiled from a series givm
in “ A Treatise on Airscrews” (Parks). It should be noted that the difference between the
tip eflieiency and the average efficiency is sensitive t~ changes in the plan form of the blades.

THEORETICAL MAXIMUM EFFICIENCY.
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FIQ. 1. Efficiency ctirw.s,

L
o

=20 and & =22 for
efficiencies corresponding to .D ()D

For all of the basic propeller blnde
ectiom in common use the maxinmm

value of
()

~ lics in the neighborhood

of 20, say between 1S and 22. l’hesc
limiting values correspond to 7 = 3°09’
and 7 = 2° 36’, respec~ively. The
value of p is conimonly greater than
5°. Consequently, for any given value
of p the probable variations in Y have
only a small eflect, so that the maxi-
mum efficiency’ is determined by p
and not by Y. Obviously the greater
the value of p the less important the
variations in Y become. *

Table II contains calculations for
the values of theoretical maximum tip

()
a wide range of $D . These efii-

()ciences are plotted against & in Fig. I, forming the familiar “efficiency curves.”

PRACTICAL hlAXIMUM EFFICIENCY.

ln the preceding calculations for maximum efficiency, no allowance was made for indraft,
interference, or variations in blade section and plan form. MI of these factors affect Lhc effi-

ciency, and in some cases, adversely. The combined effect of their presence is more easily
obtained from tests than from calculation. For this purpose, there is given in Table 111 the

~7

()
maximum efficiency and the ~ at which it occurs for each of the propellers tesbxl by

Durand and reported in N. A. C. A. Reports Nos.- 14, 30, 64,and 109. These values arc

p~otted as crosses in Figure 2, together with the theoretical curve for q VS.
Gmh’n(a=22

It is immediately apparent from an inspection of Figure 2, that the maximum efficiencies
obtained in test are consistently lower than the vaIues which should theoretically be obtained

()
for ~= 22. The difference decreases with ~~ and the various tesi data points are so
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-.

()grouped that a curve drmrn through the maximum observed eficiency at each & will be

quite similar to the theoretical cume. .< cur-r-e so draw-n, as on Figure 27 may be considered
as the practical Kmit to maximum efficiency for propellers of conve~tiomd designs.
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FIG. 2. Pro@Ier efficiency. >-wiation of maximum efficiency with
LTS

From Durami’s experiments.

THE GENERAL EFFIC’LENCYCUiVE.

JJenote by the subscript . the conditions corresponding to maximum efficiency, so that

v()v.= ~D x cot (@. + ‘yO) (la)
o

Then the ratio of the efficiency under any set of conditions to the maximum efficiency will be

.%ccording to definition
D

()
tan -[= ~

()tan -fO= ~
0
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T’
tan p=

()
. —--=
~ ND,

r()tar-lq?.= -–
T Nrl .

and substituting, one obttiins

letting

(JJ=’(A)O
and grouping terms, one finds

.73()The value of ~ is substantially constant for all tip see tions in common use. For
0

‘“D()a representative section, hTo. 2 of the series given in 13r ikCA RJHI No. 322, ~ =.0475. The
.0

D
()

L
increase in z.

, or the, decrease in ()3, is liuetir with angle of a[tack over a wide working

range.
()

For the section previously referred to ~ varies from 0.0475at 3° to 0.100 a~ 15° so

that

D

oA L [0.100–0.0475)=.00437— ..—
ACY (15–3)

ATOW,to a close approximation, the chmge in angIe .of attack is

‘“=573KJJ-(A)I
Therefore

(:)=(#):+ ”’’[(*).-(+)l

=(;)o+o.25(&)y?,
Substituting this in (2):

‘ince(EK%)owill ordinarily be of the order of .01, the first term in brackets wiII k

substantially unity and the equation may be written:
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From this equation aIone it w-ouId be concIuded that. V/VOfor any T&M of 1? depended ody
. .

r)n t]le ~alue of ( & ) . For a particular due of ~, say ~ = ~.~~ $
.0

would vary from

l=R=~h~
79

}’

()
when —

K lvi7 Qis very small, to

2= R
TO CO.25+0.75 R) ‘0”8”

l“
()when -—-– T7
..TND, . ()

is mry large. Within the range of working values of —~~TD ~, which may be

“D%txken as 0.10 to 0.40 the variation in ~ is between 0.67 and ().75 (for ~
()

= .0475).

The precec@ values do nob take tito consideration an important fa;tor which has been
purposely negIected up to this point. Referring to equation” tla), it -wiII be noted thafi it was

‘v’

()
assumed that the maximum efficiency occurred when the value of -~ was that. Which

D

()(
ga~e the tip section the angle of attack corresponding to the least value of ~ > or the highest
~. 0

)
It is almost superfluous to remark tha~ near the maximum, the mdues of ‘L

D. ()
~ , for any

aerofoil, are substantially constant over a ra~~e of one or two degrees in w@e of attack. Due
“rto this characteristic, the maximum efficiency of a propeller designed for a low value of —

()X.iw

‘o= ‘ot ‘“cur “ ‘he (JJ which gives the tip section, the angje of attack corresponding to
-.

()‘k besb$ ‘ but’‘ince9
will occur at a somewhat

by means of a numerical

increases faster than cot (p+ ~] decreases, the maximum efficiency

()
higher ~aIue of “-Q\> . This effect may perhaps be made cIearer

‘D

()
illustration. Take the case where ~- = .0475 and assume ~ = ~.

0

Then
r(–) cot (g?+’-y)

q = ?rLw .

=.0475 . COt(2°43’+2° 43’)

=.O475X1O.51’4

=.50

“‘“ ~ -. (’)’=~.~O(&)i~flbe found tha~(’)and for a dightly greater w.lue of (,;;17D , >ay

has not changed appreciably, so that

()
~=1.lo ;;; . Cotl (1.10 q+y)

-.~~~~ . COtt (2° 59’+2° 43J)
=.o~~~~ 10.02”

=.523.

h’ow the effect of this characteristic is to remove almost entirely the differences in ~/nO

noted previomSIy;
)

as the nominal due of (;~~~ ~
()

is decreased, the actual value of -&

[in terms of the nominal vzlue~ increases so that a higher ~a~ue of ~ corresponds to a given

value of R. E’or aIl practical purposes a sin@e curve of ~ w (“)/’(&)O applies to a:
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propellers, as maybe seen by inspection of Tables IV and IV-A and Fig. 3. The tables contain
calculations for two propellers rather widely separated in theti characteristics, and the values

of ~ thus obtained lie on a single curve in Fig. 3. There is some divergence for values of R

greater than 1,10 but this is ordinarily beyond the work@~ range.

THE GENERAL EFFKXENCY CURVE GIVEN BY DURAND’S TESTS,

In Table V there are given values of v/qow
(JW(%)O

for ten of Durand’s propellers

()chosen at random but including the entire range of -=& tested. The last column in this

table g;ves the average for 45 propellers thus studied. This ;verage does not difler-apprecifibly
from the average for 10 propeHers.
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FIG. 3. Calculated curro 71Ww.
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FIG. 4. PropelIer eftkiency. Gcrrerxlcurve.

It is to be noted that the deviations from the genera] average are swprising~y small,
particularly over that part of the curve which couId be used in normal flight. Part of the devia-
tions me undoubtedly due to errors in reading values from the curves, In many cases it is

()
difficult to determine the value of ;D ~accurately.

The experimental curve of V/VOvs.
(Jw(%).

is plotted together with the calculated

curve on Flgur.e -4 for comparison. The differences are as expected both in magnitude and
direction.

APPLICATIONS AND COMMENT.

It has been stated that, by the aid of the general efficiency curves, performance calculations
may be made without detailed knowledge of the propeller which is LObe used. The only data

()
required is the value of ~D at which tihe maximum efficiency is desired to occur, and this is

easily found. The value of the maximum efficiency is then determined by the solid curve cm
Figure 2, and the entire efficiency curve may be obtained, if required, by the use of the general
eficiency curve of Figure 4.

To dlustrate by a numerical example: assume ~’= 120 mi/hr., N= 1,S00 r. p. m., and

()
D=8.0 jt.j so that ~~~ =.735. From l?igure 2 the maximum ei%ciency corresponding to this

o
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v(–)‘due‘; Am ‘
isqO= .793. For the same propelIer at

(%)=50 (w(%).=’”
and from Figure 4 the correspond@ value of nf~Ois 0.882. Therefore q =.882X.793=.70. me—

()efficiency ah any other ~ is found in the same manner.

Further applicatio& naturally s~~gest themselves. For example, the gain in efficiency

due to the use of reduction gearhg is readily obtained from Fi=we 2. The curves may also be
used in the analysis of propeller characteristics ho indicate the relative value of a particular
design.

In using these curves it musk be remembered that the solid curve on Figure 2 represents the/T7.

tWStefficiency which, accord@ tO tid-t~ne] LeStS, Cm be obta~ed at each v~fie Of ~~,)”

The actual maximum efficiency may be somewhat lower if the design be unfavorable, for
exampIe, in the case of a f our-bladed propeHer. The solid curve on Figure 4 is a general eficiency

curve and applies to all propellers so far investigated, regardless of the value of the maximum

()efficiency or the value of & at which it occurs.

TABLIE 1.

Comparison of Awrage E~.mcy and Tip Em—Calculated Vi&m.

I
WITHOGT m~LOW. : WITH INFLOW. I

* ‘s da=l
Data taken from “A Treatise on Airsrrews” (Pwk), pp. 5S43.

TABLE 11.

Theorekd lfarirnum Eficimq.

~ ;= v
!m” m

“-—i—
UJ CLC637. ~.

.40 . rm

.59 .1592

.60 .1910
.2228

;2: .2-5-!6I
.90 . 2%%

L cm .3183
L 10 .3501
l.zil : .3s20

, 1.40 . W6
LEJ.I ..KW

;,

1:

+

3° 39’
5“ r
7“ M’
9“ 03’

IF $9”
w 3+’
1.4”17’
15” 5’3’
~p 3’y
19” 1s
Z@ 54’
24” 01’
%’ w

8-754
6.841
5.645
4.739
4.loi
3.622
3.244
2.%?9
2.6i2
&L*
Z.m
L 973
L 743

y=cow Zf.1

— 2“52’—

~5&

.~~

.:54

. (84

.s07

.824

.8s

.850

.85%

.s.57

. 8i9

.3ss

’22—=
D

(=+-f) pk (’=+7} ?

0.5W
.6?5
.734

:E
.822
.824
.8.52
..%2
. Sio
. 8i8
.s)
.897

~ cot+ 22
- 2%5’

.
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TABLE IIT.

()
T’

Muximtmt Ejicieney q. an-clCorresponding ~7D .

tlo

o.m

.610 ,, ,“ 13?.

.Gm . ,, 133

.6Q2 , 134
,, .:, 135

., .,,

.“,: . %
,.F : 13s
‘, .: 139

—— .–.. . ..——
,T-.

I

--~:)LVD Ido

0.73
.?6
,%
.81
.63
.60
. 6-!
.59
.48
.45
.46
.43
.34

:!:
77

:01
.62
.63
. f)z
.16

0.M
.49
.43
.$

:82

:;;
.60
.62
.59
.45
.42
.47
.45
.77
. ~3
.13

:;:
.58

0.60
.53
.44
.42
.42
.42

,

..

. .

.,.

.’.

.“

,,
.’

,..
.63
.66
.G7
“o.,

:;:
.45
.42

,! :

. .
.,

:, ,.

‘,.

. .

121
122
123
124

.’ ; 124
, 126

... , 127
IM

II

BASED OX AEROFOIL %-o. 2 BR AC.k R & 3i Xo. 3z.

NO ALLO_iYAXC33 FOR INDRAIT.

.

—. .

.——

TABLE IV-A.

()
Cakulated Varia[ion of EJicienq with ~~~

BASED ON AEROFOIL No, !2 BR AC.4 R & .M No. 322.

NO ALLOWAh’C!E FOR INDR.kFT.

1’

.—

I v

m

I

1’

aim (=’+7) ~
714

0.407
.546
.631

:1:
, .T3
.g~6
.938
.995

1.m
.699
.975
.926

I 0:;:
.20

j .%

.30
(

I .35
.40

I .45
.50
.55

i~

10” 14’ ‘ 14.3
9“ 19’ 15.2
8“ !24’ 15.8
7“ 30’ 16.70. ~@ 17.6
y 42, 18.4
4“ 48’ 19.53. ~, 20.6s. W, 21.0
2“ 07’ 19.0
1“ 1+’ 17.s

Fo” 22’ 15,0
-0” 31’ 11.7

0.132
. 2i3
. %2’
.455
.545

:%?
. 8E$
.92s

1.LYJ
1.WI
1.1s2
L 273
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FROM DKiE.4iiD’S. TESTS.
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